Genetic variations of the internal transcribed spacer-1 region in sweet potato weevil, Cylas formicarius, were examined from 27 collection sites in the main infested areas in the world, except Africa, in this study. The ITS-1 lengths of 36 weevils tested in this study ranged from 557 to 587 bp, and were conspicuously longer in weevils from India. The genetic distances between weevils from India and from the other areas tested were larger than among weevils from the latter areas. The phylogenetic tree based on ITS-1 sequences consisted of two main clades of India and East Asia consisting of Northeast Asia and Southeast Asia subclades. The former subclade was also divided into three minor subclades. Weevils from Georgia and Hawaii (USA), and St. Kitts (the West Indies) belonged to the same subclade as those from Guangdong (China) and Hanoi (Vietnam). Also, weevils from the Ogasawara Islands (Japan) belonged to the same subclade. On the other hand, weevils from the Southwest Islands (Japan) belonged to the same subclade as those from Taiwan. When referring to human historical events, C. formicarius would have gradually spread in southern Asia due to its limited dispersal ability since originating in the Indian subcontinent 90 million years ago. However, after becoming associated with sweet potato, especially after the nineteenth century, local populations with fairly different genetic properties from Indian weevils would have been rapidly spread by human transportation of infested sweet potato throughout the world.
INTRODUCTION
Nowadays, sweet potato weevil, Cylas formicarius (Fabricius) (Coleoptera: Brentidae), a serious pest of sweet potato, Ipomoea batatas, is distributed in over 50 countries in the tropic and subtropic areas of the world (International Institute of Entomology, 1993) . C. formicarius originated in the Indian subcontinent about 90 million years ago (Wolfe, 1991) , while the sweet potato, their current main host plant, originated in or near northwestern South America (Austin, 1988) . C. formicarius would have originally used Convolvulaceae, except sweet potato, e.g., I. pes-caprae, as a host plant (Austin, 1991) . As sweet potato was brought to India and Africa via Europe by the Portuguese around the end of the fifteenth century (Yen, 1982) , C. formicarius became associated with sweet potato in India by the beginning of the sixteenth century (Austin, 1991; Wolfe, 1991) . Subsequently, because of its limited dispersal ability (Moriya, 1995; Moriya and Hiroyoshi, 1998) , it was dispersed on a regional scale mainly by the human transportation of infested sweet potato, particularly rapidly after the nineteenth century (Wolfe, 1991) .
In molecular analysis based upon DNA sequence data, the internal transcribed spacer-1 and 2 (ITS-1 and ITS-2) regions of ribosomal DNA (rDNA) have been frequently used to evaluate phylogenetic relationships among species and varieties of insects (Honda et al., 1998; Marinucci et al., 1999; De Barro et al., 2000) , to identify sibling species (Porter and Collins, 1991) or extremely fine species in size (Thomson et al., 2003) , and also to analyze the genetic variation among different local populations of a given species (Slaney and Blair, 2000; Douglas and Haymer, 2001; Alvarez and Hoy, 2002) .
This study intends to clarify the genetic variation of the ITS-1 region among C. formicarius populations from various infested areas worldwide, except Africa, and to estimate their dispersal routes, based upon genetic variations among these populations.
MATERIALS AND METHODS
Insects. Adult males of C. formicarius were collected by pheromone traps (Jansson et al., 1991) in 27 different locations in the main worldwide infested areas, except Africa, i.e., nine foreign countries and the Southwest Islands, Ogasawara Islands and Muroto in Japan (Fig. 1, Table 1 ), and were stored in 99.5% ethanol at Ϫ20°C until DNA extraction. Weevils from Muroto and Yakushima Islands as non-infested areas in Japan were captured during emergent control projects against them, which were carried out after their invasion of these areas as a government undertaking.
Internal transcribed spacer-1 sequence determination. Genomic DNA extraction from individual weevil specimens was performed by the previously reported method (Kawamura et al., 2002) . The ITS-1 region of rDNA was amplified by PCR using forward 5Ј-TTG ATT ACG TCC CTG CCC TTT-3Ј and reverse 5Ј-ACG AGC CGA GTG ATC CAC CG-3Ј primers described by Taylor and Szalanski (1999 netic Analyzer (Applied Biosystems). Phylogenetic analysis. The sequences were initially aligned using Clustal W (Thompson et al., 1994) and then optimally aligned manually. The maximum parsimony method was used with a heuristic search using PAUP Version 3.1.1 (Swofford, 1993 ). This search was repeated 100 times with different random starting points, using the stepwise addition option to increase the likelihood of finding the most parsimonious tree. All sites were treated as unordered and unweighted, with gaps treated as missing data. The branch-swapping algorithm was Tree Bisection Reconnection (TBR), the MULPARS option was in effect, and zerolength branches were collapsed. The strength of the internal branches from the resulting tree was tested by bootstrap analysis using 1,000 replications (Felsenstein, 1985) . The rice weevil, Sitophilus oryzae (Coleoptera: Curculionidae), was used as an outgroup (DNA Data Bank of Japan (DDBJ), accession number, AF237785).
RESULTS

Sequencing of ITS-1 region
The ITS-1 lengths of 36 weevils tested ranged from 557 to 587 bp (Table 1) , and those of weevils from India were conspicuously longer than those of weevils from all other areas tested. The nucleotide sequences obtained were submitted to the DDBJ database (Table 1) .
Phylogenetic analysis
A single phylogenetic tree based on the ITS-1 sequence was chosen for this study (tree lengthϭ 388, consistency indexϭ0.964, retention indexϭ 92 K. KAWAMURA et al. Fig. 2 . Phylogenetic tree based on ITS-1 sequence data of C. formicarius using the maximum parsimony method. Bootstrap values Ͼ50% (1,000 replications) are indicated above branches. The tree was rooted with Sitophilus oryzae. Denoted numbers for each location correspond to sample numbers in Table 1. 0.929) (Fig. 2) . It consisted of two main clades from India and East Asia. The East Asia clade was also divided into two subclades from Northeast Asia and Southeast Asia. The former subclade included weevils from Japan, Taiwan, Guangdong (China), and Hanoi (Vietnam), in addition to Georgia and Hawaii (USA) and St. Kitts (West Indies). The latter subclade included those from Ho Chi Minh (Vietnam), Luzon (Philippines), Nakhon Pathom (Thailand) and Sumatra (Indonesia). Also, the former subclade was divided into three minor subclades. The first minor subclade was from Muroto and Southwest Islands (Japan), and Taiwan, the second from Guangdong (China), Hanoi (Vietnam), Ogasawara Islands (Japan), Georgia and Hawaii (USA), and St. Kitts (West Indies), and the third from Hanoi (Vietnam).
When estimating the genetic distances between C. formicarius from two different locations tested in this study according to the substitution rate using Kimura's two parameters method (Kimura, 1980) , they were 0.0056-0.0207 between Northeast Asia and Southeast Asia, 0.0578-0.0721 between India and Northeast Asia, and 0.0599-0.066 between India and Southeast Asia.
DISCUSSION
After originating in the Indian subcontinent about 90 million years ago (Wolfe, 1991) , C. formicarius first became associated at the beginning of the sixteenth century with sweet potato, which originated in or near northwestern South America (Austin, 1988 (Austin, , 1991 . Subsequently, because of its limited dispersal ability (Moriya, 1995; Moriya and Hiroyoshi, 1998) , the weevil was dispersed on a regional scale mainly by the human transportation of infested sweet potato (Wolfe, 1991) .
The first scientific records of this weevil were in 1833 in Java (Indonesia) (Bohemann, 1833) , in 1883 in Cochin (China), Cuba and Madagascar (LeConte and Horn, 1883) and in 1886 in Australia (Tryon, 1900) . These records show that C. formicarius had already dispersed in these areas by the nineteenth century. It was first recorded scientifically as an important pest against sweet potato by Nietner (1857), who reported its ravages in northwestern Ceylon (Sri Lanka) in 1856. Also, it was first reported in 1875 in the continental USA (Summers, 1875) and in 1887 in Hawaii (Blackburn and Sharp, 1885; Sherman and Tamashiro, 1954) . In Africa, it was first reported in 1883 in Madagascar (LeConte and Horn, 1883) and in 1914 in Natal Province (South Africa) (Wolfe, 1991) . Vogler and DeSalle (1994) analyzed the sequence variations of the ITS-1 region of rDNA of Cicindela dorsalis in coastal areas of North America, and found two main clades in the Gulf of Mexico and the Atlantic Ocean in its phylogenetic tree. Alvarez and Hoy (2002) clarified the length variation of ITS-2 between Taiwanese and Australian populations of Ageniaspis citricola. Therefore, comparative analyses of DNA sequences have been used as an effective means for tracing the dispersal pattern of insects as well as for analyzing the genetic variation among insect populations (Ozaki and Ohbayashi, 2001; Osawa et al., 2004) . The present study clarified two main clades from India and East Asia consisting of two subclades from Northeast Asia and Southeast Asia (Fig. 2) . Furthermore, the genetic distances between C. formicarius from India and Northeast Asia or Southeast Asia were fairly larger than between weevils from Northeast Asia and Southeast Asia. In addition, the ITS-1 lengths of C. formicarius from all tested areas except India were not only all shorter than those of weevils from India, but also varied with a narrower width than for weevils from all tested areas including India (Table 1) . Szalanski and Owens (2003) reported an absence of the genetic variation of the ITS-1 sequence in Diabrotica undecimpunctata collected from five different locations in USA, and inferred that it would have resulted either from a high level of dispersal ability or from recent geographical expansion from a relatively narrow habitat. Their latter hypothesis is suggestive of a trend of the geographical variation of the genetic properties of C. formicarius described above. Namely, though it is now unknown how far they had expanded their distribution in southern Asia before the nineteenth century, it would have accelerated after becoming associated with sweet potato around the beginning of the sixteenth century. Both the high similarity of the genetic properties of C. formicarius within the East Asia clade and the large difference of its genetic property between East Asia and India clades suggest that local populations with fairly different genetic properties from the Indian weevils tested would have lived in relatively narrow habitats in southern Asia and, after becoming associated with sweet potato, particularly after the nineteenth century, they would have been rapidly dispersed on a regional scale mainly by the human transportation of infested sweet potato. One group of those local populations would have been dispersed into Southeast Asia and the other group into Northeast Asia and so on.
Based upon the immigration of many Portuguese, Chinese and Indians as indentured laborers to Guyana (South America) and Trinidad (West Indies), and also of Indians to South Africa, Kenya and Uganda in Africa in the mid-nineteenth to early-twentieth century (Parry et al., 1987; Singh, 1988) , Wolfe (1991) postulated that these indentured Indians would have brought C. formicarius into South America, West Indies and Africa with infested storage roots.
According to the present study, the nucleotide sequences of the ITS-1 region of weevils from Georgia (USA) and St. Kitts (West Indies) were identical to those of weevils from Guangdong (China), but fairly different from those of weevils from India (Fig. 2) . Therefore, C. formicarius would have been brought into these areas not from India but from southern China. The first record of C. formicarius in the USA was from New Orleans, Louisiana in 1875 (Summers, 1875) , and those weevils arrived in infested storage roots from the West Indies (Newell, 1917) . In the present study, no nucleotide variations in the ITS-1 sequence were observed between weevils from Georgia and from St. Kitts. Hence, after being introduced somewhere in the region directly or indirectly from southern China around the mid-nineteenth century, they would have been dispersed rapidly throughout the region.
As C. formicarius from the Southwest Islands (Japan) belong to the same minor subclade as those from Taiwan in the Northeast Asia subclade, they would have been dispersed into those areas from a common source, probably in Northeast Asia (Fig.  2) . Their common source may be estimated if we analyze weevils from more northern areas than Guangdong, e.g. Fujian and Zhejiang (China). Hitherto, its dispersal from Taiwan into Okinawa has been postulated (Sakae, 1968) ; however, it was first recorded in 1903 in Okinawa Prefecture (Nawa, 1903) and in 1910 in Taiwan (Hori and Shiraki, 1910) . The validity of this postulation remains unclear in the present study.
Its invasion routes into the Ogasawara Islands (Japan) would be different from into the Southwest Islands, since weevils from the Ogasawara Islands belong to a minor subclade different from the Southwest Islands, which is the same as for weevils from Guangdong, Georgia, Hawaii and St. Kitts as described above (Fig. 2) . Various plants and agricultural products have been transported since ancient ages into Ogasawara Islands from Okinawa Island, USA and so on (Ohbayashi, 2002) . According to Esaki (1930) , insect fauna in the Ogasawara Islands zoogeographically consisted of two elements from Polynesia and East Asia, although they originally belonged to Polynesian fauna. The East Asian element would have been subsequently brought there by human transportation. The first scientific record of C. formicarius in the Ogasawara Islands was in 1914 (Tokyo Prefectural Office, Ogasawara Islands Branch, 1914); therefore, C. formicarius in the Ogasawara Islands might have been introduced with infested sweet potato directly from southern China and/or indirectly via the USA.
